Introduction
============

Gastric cancer (GC) remains the third leading cause of cancer-related death in both genders worldwide and causes over 723,000 deaths worldwide per year ([@b1-or-36-04-1819],[@b2-or-36-04-1819]). Even with the improvement in diagnostic techniques and advancement in therapeutic modalities, the 5-year survival rates among patients are still disappointing, and one of the predominant causes is metastasis ([@b3-or-36-04-1819]--[@b5-or-36-04-1819]). Peritoneal metastasis, as a common mode of metastasis for advanced GC and a common feature of the natural history of GC, is the most frequent cause of death in patients with advanced GC ([@b6-or-36-04-1819]). It is necessary to investigate the molecular mechanisms of GC metastasis and to develop new strategies to prevent GC peritoneal metastasis.

Phosphatase of regenerating liver-3 (PRL-3), a member of the PRL family of protein tyrosine phosphatases, plays an important role in GC metastasis ([@b7-or-36-04-1819]). Researchers have demonstrated that PRL-3 induces cancer-associated phenotypes including proliferation, migration, invasion, tumorigenesis and metastasis ([@b8-or-36-04-1819]--[@b11-or-36-04-1819]), which also arise in GC ([@b12-or-36-04-1819]). There are also various experiments showing that the catalytic activity of PRL-3 is directly involved in tumor invasion, metastasis and tumor angiogenesis ([@b10-or-36-04-1819],[@b13-or-36-04-1819]). In our previous study, we found that in primary GC with peritoneal metastasis, PRL-3 expression was significantly higher than that in the corresponding primary GC and PRL-3 expression was negatively correlated with prognosis in GC patients ([@b14-or-36-04-1819]). In addition, various studies have also indicated that upregulation of PRL-3 expression correlates with GC invasion and metastasis ([@b15-or-36-04-1819]--[@b17-or-36-04-1819]). Furthermore, in our previous study, we also found that miR-495 and miR-551a both act as tumor-suppressors by targeting the PRL-3 oncogene and inhibiting GC cell migration and invasion ([@b18-or-36-04-1819]). However, the downstream mechanism by which the signaling pathway facilitates PRL-3-promoted motility, invasion and metastasis of GC cells remains unknown, and warrants further research.

Phosphatase and tensin homologue (PTEN; deleted on chromosome 10) is a tumor-suppressor gene featuring dual-specificity phosphatase activities ([@b19-or-36-04-1819],[@b20-or-36-04-1819]). It plays crucial roles in maintaining normal cell activities and functions ([@b19-or-36-04-1819],[@b20-or-36-04-1819]). PTEN is a lipid phosphatase that catalyzes the conversion of phosphatidylinositol-3,4,5,-trisphosphate (PIP3) to phosphatidylinositol-4,5-bisphosphate (PIP2) ([@b21-or-36-04-1819]), which can induce apoptosis and suppress proliferation. Loss of PTEN function leads to excessive PIP3 accumulation at the plasma membrane and subsequent derepression of the phosphatidylinositol-3-kinase/protein kinase B (PI3K)/Akt pathway, which in turn stimulates cell growth, proliferation, survival and other cellular processes ([@b22-or-36-04-1819],[@b23-or-36-04-1819]).

The PI3K/Akt signaling pathway is an important driver of cell proliferation and survival ([@b24-or-36-04-1819]). PI3K signaling has been demonstrated to be involved in GC progression, including cell growth, metabolism, survival, metastasis and resistance to chemotherapy ([@b25-or-36-04-1819]--[@b28-or-36-04-1819]). PRL-3 most likely lies upstream of PI3K, as treatment with the PI3K inhibitor LY294002 abrogated PRL-3-mediated AKT activation ([@b29-or-36-04-1819],[@b30-or-36-04-1819]). Additionally, PRL-3 overexpression downregulated the expression of PTEN in DLD-1 colorectal carcinoma ([@b29-or-36-04-1819]) and melanoma cells ([@b31-or-36-04-1819]). Since PTEN is the most important negative regulator of the PI3K/Akt pathway, PTEN downregulation may be an important means of PRL-3-driven PI3K/Akt signaling, although PI3K activation by other mechanisms may exist.

Before cancer cells metastasize to distant organs, they must disseminate from the site of the primary tumor ([@b32-or-36-04-1819]). Extracellular matrix degradation is an essential step in tumor invasion and metastasis. Matrix metalloproteinases (MMPs), including MMP-2 and MMP-9, are capable of cleaving cell-surface proteins as well as degrading components of the extracellular matrix, allowing migratory cells to invade neighboring tissues and break through the basement membrane ([@b33-or-36-04-1819]). In a previous study, PRL-3 was found to promote the motility, invasion and metastasis of LoVo colon cancer cells through PRL-3-integrin β1-ERK1/2 and -MMP2 signaling ([@b34-or-36-04-1819]). PRL-3 also enhanced MMP-2 secretion and cellular invasiveness via activation of mTOR in the human colon cancer HCT116 cell line ([@b35-or-36-04-1819]).

In consideration of the crucial role of PRL-3 in GC metastasis and the emerging character of PTEN in GC, we speculated that PRL-3 regulates the expression or post-translational modification of PTEN and then activates the PI3K/Akt signaling pathway, upregulating MMP-2/MMP-9 expression, further to promote GC peritoneal metastasis by its phosphatase enzyme activity. In the present study, we described that PRL-3 was overexpressed in GC with peritoneal metastasis and in GC lines with high enzyme activity, while PTEN was weakly expressed in GC with peritoneal metastasis and in GC cell lines. The present study also showed that only PRL-3 had the enzyme activity to downregulate the expression of PTEN and increased the ratio of p-PTEN/PTEN. We also found that PRL-3 activated the PI3K/Akt signaling pathway and further upregulated the expression of MMP-2 and MMP-9 to promote GC peritoneal metastasis.

Materials and methods
=====================

Tissue samples
--------------

All human gastric tissue samples including 21 specimens of normal gastric mucosa, 49 specimens of GC without peritoneal metastasis and 23 specimens of GC with peritoneal metastasis were obtained from the Department of General Surgery of The First Affiliated Hospital of Nanchang University (Nanchang, China). All specimens were immediately frozen in liquid nitrogen and were stored at −80°C until further use. Informed consent was obtained from all patients, and the present study was approved by the institutional review committee. None of the patients received radiotherapy or chemotherapy before the operation. Histological diagnosis was confirmed for each specimen. All of the samples were obtained with informed consent for molecular analysis and were approved by the Ethics Committee of the The First Affiliated Hospital of Nanchang University.

Cell culture
------------

The human gastric mucosal cell line GES-1 was preserved in our central laboratory. Human gastric adenocarcinoma cancer cell lines SGC7901, MKN28, MGC803, AGS and MKN45 were obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured at 37°C/5% CO~2~ in Dulbecco\'s modified Eagle\'s medium (DMEM; Biological Industries, Israel), supplemented with 10% fetal bovine serum (FBS) (MRC, China), 100 U/ml penicillin and 100 *µ*g/ml streptomycin.

Construction of a wild-type plasmid EGFP-PRL-3 and a mutant-type plasmid EGFP-PRL-3 (D72A/C104S) and transfection into SGC7901 cells
------------------------------------------------------------------------------------------------------------------------------------

We constructed a wild-type plasmid EGFP-PRL-3 with the enzyme activity of PRL-3 and a mutant-type plasmid EGFP-PRL-3 (D72A/C104S) containing an inactivating mutation of the essential catalytic cytokine residue to serine at position 104 in the phosphate active site according to related studies ([@b13-or-36-04-1819],[@b36-or-36-04-1819],[@b38-or-36-04-1819]). All of the vectors were designed and synthesized by GenePharma Corporation (Shanghai, China). After being confirmed by DNA sequencing, the EGFP-PRL-3 and the EGFP-PRL-3 (D72A/C104S) vectors were transfected into SGC7901 cells using Lipofectamine 2000 reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer\'s protocol. After screening, the SGC7901 cancer cells stably expressed PRL-3; the wild-type EGFP-PRL-3 with the enzyme activity was the wild-type group and the mutant-type EGFP-PRL-3 (D72A/C104S) was the mutant-type without enzyme activity. The enzyme activity of PRL-3 was detected by a phosphate activity detection kit (Beyotime, Shanghai, China/Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s instructions and confirmed that the two groups met the requirements ([@b39-or-36-04-1819]--[@b42-or-36-04-1819]).

Construction of the EGFP-PRL-3 and PRL-3-RNAi plasmids and construction of stable cell lines
--------------------------------------------------------------------------------------------

To construct the EGFP-PRL-3 plasmid, human PRL-3 was amplified by RT-PCR using the primers: 5′-TACCGGACTCAGATCTCGAGCGCCACCATGGCTCGGATGAACCGC-3′ and 5′-GATCCCGGGCCCGCGGTACCGTCATAACGCAGCACCGGGTCT-3′ and was cloned into the GV230 vector. To acquire the generation of PRL-3 knockdown in the SGC7901 cells, we constructed three candidate human PRL-3 siRNA target sequences and a blank plasmid control vector. All of the vectors were designed and synthesized by GeneChem Corporation (Shanghai, China). The PRL-3 shRNA target sequences were as follows: 5′-GCTCACCTACCTGGAGAAA-3′ \[PRL-3-RNAi (7330)\], 5′-ACAGAGGCTGCGGTTCAAA-3′ \[PRL-3-RNAi (7331)\], 5′-CCTGTTCTCGGCACCTTAA-3′ \[PRL-3-RNAi (7332)\], 5′-GGATCTCGTTCTCCTCATT-3′ \[PRL-3-RNAi (7333)\]. All the vectors were transfected into SGC7901 cells using Lipofectamine 2000 reagent according to the manufacturer\'s protocol. We selected PRL-3-RNAi (7332) with the highest efficacy as the suitable vector after evaluating the interference efficiency by western blotting. After screening, we constructed the stable expression cell lines. The SGC7901/EGFP-PRL-3 cell line was the PRL-3 high expression group and the SGC7901/PRL-3-RNAi cell line was the PRL-3 low expression group.

Construction of the PTEN-knockdown plasmid and transfection into the PRL-3 low expression cell line
---------------------------------------------------------------------------------------------------

For the RNA interference of human PTEN, three specific small interfering RNAs were used. The shRNA target sequences were: 5′-GCGCTATGTGTATTATTAT-3′ \[PTEN-RNAi (17260)\], 5′-ACAGCTAGAACTTATCAAA-3′ \[PTEN-RNAi (17261)\], 5′-AGAACTTATCAAACCCTTT-3′ \[PTEN-RNAi (17262)\], 5′-TGCAGATAATGACAAGGAA-3′ \[PTEN-RNAi (17263)\], respectively. All of the vectors were designed and synthesized by GeneChem. All of the vectors were transfected into SGC7901 cells using Lipofectamine 2000 reagent. After screening, we constructed the stable expression cell lines and selected the high interfering efficiency PTEN-RNAi (17261) group.

Quantitative real-time RT-PCR analyses
--------------------------------------

The detailed steps of RNA extraction and qRT-PCR were described in our previous study ([@b18-or-36-04-1819]). TRIzol reagent was purchased from Invitrogen. Applied Biosystems 7500 Fast Real-Time PCR System and SYBR-Green PCR Master Mix were purchased from Applied Biosystems (Foster City, CA, USA), *Taq* PCR Master Mix was purchased from TransGen (Beijing, China). 7900HT Fast Real-Time PCR System was obtained from Applied Biosystems.

Western blot analysis
---------------------

We prepared samples for western blotting as described in our previous study ([@b43-or-36-04-1819]). Total protein extraction and BCA protein assay kits were both purchased from KeyGen (Nanjing, China). Polyvinylidene fluoride (PVDF) membranes were purchased from Millipore (Bedford, MA, USA). PRL-3 antibody \[anti-PTP4A3 (ab50276)\] was purchased from Abcam (Cambridge, UK) which recognizes human PRL-3 and does not cross-react with human PRL-1 and PRL-2. PRL-3 antibody (ab50276) was also used in previous studies ([@b44-or-36-04-1819]--[@b47-or-36-04-1819]). The following antibodies of PTEN, Akt, MMP-2, MMP-9, p-Akt and p-PTEN were also purchased from Abcam. The antibody for β-actin was purchased from Proteintech Group, Inc. (Wuhan, China). ECL western blotting analysis system was obtained from TransGen Biotech (Beijing, China).

Cell migration and invasion assays
----------------------------------

Cell migration and invasion assays were performed as previously described ([@b18-or-36-04-1819]). Transwell cell culture chambers (8.0-*µ*m pore polycarbonate membranes) were purchased from Becton-Dickinson (San Diego, CA, USA). The fluorescence microscope was purchased from Olympus (Center Valley, PA, USA) and was used to capture the images.

Statistical analysis
--------------------

Each experiment was repeated at least three times. All of the data are presented as the mean ± SD. Statistical analysis was performed using SPSS 19.0 computer software (SPSS, Inc., Chicago, IL, USA) and software program GraphPad Prism. Differences among variables were assessed by χ^2^ analysis, Student\'s t-test or ANOVA. In all cases, a value of P\<0.05 was accepted as significant.

Results
=======

Overexpression of PRL-3 is inversely proportional to the low expression of PTEN in GC tissues
---------------------------------------------------------------------------------------------

To investigate the relationship between PRL-3 and PTEN expression in GC tissues, we analyzed the expression of PRL-3 and PTEN in 21 specimens of normal gastric mucosa, 49 specimens of GC without peritoneal metastasis, and 23 specimens of GC with peritoneal metastasis by qRT-PCR and western blot analysis. PRL-3 was overexpressed in the GC samples with peritoneal metastasis when compared with the level in normal gastric mucosa both at the mRNA (data not shown) and the protein level ([Fig. 1A and B](#f1-or-36-04-1819){ref-type="fig"}). This indicates that high expression of PRL-3 is closely related to the tumor stage of GC. However, there was no significant statistical difference in the mRNA level of PTEN among the three types of gastric tissues, implying that the downregulation of PTEN expression was a post-transcriptional event. We also observed that weak to strong expression of PTEN protein was noted in GC with peritoneal metastasis, GC without peritoneal metastasis, and normal gastric mucosa by western blotting ([Fig. 1C and D](#f1-or-36-04-1819){ref-type="fig"}). The p-PTEN expression level was also lower in normal gastric mucosa than that noted in GC with peritoneal metastasis. Moreover, we conducted further analysis of the data by western blot analysis. It revealed that the p-PTEN and PTEN ratio was higher in GC cells when compared with the ratio in the normal gastric mucosal cells ([Fig. 1E](#f1-or-36-04-1819){ref-type="fig"}). Furthermore, we used an enzyme activity detection kit to detect the phosphatase activity of PRL-3. From these data, the enzyme activity of PRL-3 was more active in GC with peritoneal metastasis than that noted in the normal gastric mucosa ([Fig. 1F](#f1-or-36-04-1819){ref-type="fig"}). All of the data indicated that low expression of PTEN may be inversely correlated to both the high enzyme activity and the high expression of PRL-3. The high enzyme activity of PRL-3 may increase the phosphorylation level of PTEN.

PRL-3 is overexpressed is contrast to the low expression of PTEN in GC cell lines
---------------------------------------------------------------------------------

To explore the relationship between the expression of PTEN and PRL-3, we analyzed these levels in one normal human gastric mucosal cell line GES-1 and five GC cell lines of different metastatic potential (MGC803, MKN28, AGS, MKN45 and SGC7901) by qRT-PCR and western blotting. The expression level of PRL-3 in the five GC cell lines was much higher than that in the GES-1 cell line ([Fig. 2A and B](#f2-or-36-04-1819){ref-type="fig"}). The PTEN expression was lower in the five GC cell lines than that in normal gastric mucosal cell line at the mRNA and protein level ([Fig. 2C and D](#f2-or-36-04-1819){ref-type="fig"}). The p-PTEN/PTEN ratio was higher in GC cells than that in the normal gastric mucosal cell line ([Fig. 2E](#f2-or-36-04-1819){ref-type="fig"}). We also detected the enzyme activity level of PRL-3 by an enzyme activity detection kit. PRL-3 phosphatase activity was higher in the GC cell lines ([Fig. 2F](#f2-or-36-04-1819){ref-type="fig"}). The results indicated that PRL-3, through its phosphatase activity, led to the low expression of PTEN and phosphorylated it to facilitate the development of peritoneal metastasis by GC. As PRL-3 decreased the expression of PTEN and increased the ratio of p-PTEN/PTEN to a greater extent in the SGC7901 cells, we chose the SGC7901 GC cell line to perform the next experiment.

PRL-3 downregulates the expression of PTEN through its phosphatase activity
---------------------------------------------------------------------------

To further investigate whether or not PRL-3 through its enzyme activity downregulates PTEN, we constructed a wild-type plasmid EGFP-PRL-3 and a mutant-type plasmid EGFP-PRL-3 (D72A/C104S) without the enzyme activity of PRL-3. After transfecting the EGFP-PRL-3, EGFP-PRL-3 (D72A/C104S) and PLNCX vector (control empty plasmid) into SGC7901 cells and screening the stably expressed cell lines, we detected the phosphatase activity of PRL-3 using the enzyme activity detection kit. The wild-type with enzyme activity and the mutant-type without enzyme activity met our requirements. Next, we detected the expression of PRL-3 and PTEN by qRT-PCR and western blotting. There was no significant difference between the wild-type and the mutant-type in terms of PRL-3 expression, but both were higher than the control group ([Fig. 3A](#f3-or-36-04-1819){ref-type="fig"}). PTEN expression was lower in the wild-type than the level in the mutant-type, while the ratio of p-PTEN/PTEN was higher in the wild-type ([Fig. 3A and B](#f3-or-36-04-1819){ref-type="fig"}). This shows that high expression of PRL-3 downregulates the expression of PTEN and increases the ratio of p-PTEN/PTEN. Further analysis indicated that the higher enzyme activity of PRL-3 had an opposite relationship with the expression of PTEN. PRL-3 increased the ratio of p-PTEN/PTEN and promoted PTEN phosphorylation and inactivated it through its phosphatase activity. We also analyzed the migration and invasion abilities of the different groups by Transwell assay. The mutant-type had less ability to promote GC cell migration and invasion than the wild-type ([Fig. 3C--E](#f3-or-36-04-1819){ref-type="fig"}). All of the observations suggest that PRL-3 may downregulate PTEN and induce PTEN inactivity through its enzyme activity to promote GC cell metastasis.

Matrix metallopeptidases (MMP-2 and MMP-9) are involved in the invasion and migration of GC cells regulated by PRL-3
--------------------------------------------------------------------------------------------------------------------

To dissect the mechanism of MMPs in PRL-3-promoted GC cell migration and invasion, we further analyzed the expression of MMP-2 and MMP-9 in PRL-3 high expression and PRL-3 low expression groups by western blot analysis. The phosphatase activity of PRL-3 was lower in the PRL-3 low expression group than the SGC7901 cell group and PRL-3 high expression group as detected by the enzyme activity detection kit. The expression levels of MMP-2 and MMP-9 were consistently higher in the high group than that in the SGC7901 cells. When we silenced PRL-3 in the low expression group, the expression levels of MMP-2 and MMP-9 were reduced as expected ([Fig. 4A--C](#f4-or-36-04-1819){ref-type="fig"}). We also evaluated the invasion and metastasis in the different groups. Invasion and metastasis were significantly inhibited in the PRL-3 low expression group with low expression of MMP-2 and MMP-9 compared with the control group ([Fig. 4D and E](#f4-or-36-04-1819){ref-type="fig"}). To further confirm that PRL-3 promotes GC metastasis by upregulating the expression of MMP-2 and MMP-9, we added 20 *µ*M MMP-2/MMP-9 inhibitor I into the different groups before performing the migration and invasion assays. The data showed that MMP-2/MMP-9 inhibitor I inhibited the PRL-3-promoted invasion and metastasis abilities of the SGC7901 cells ([Fig. 4F and G](#f4-or-36-04-1819){ref-type="fig"}). In conclusion, all the results indicated that PRL-3 promoted GC cell migration and invasion by upregulating the expression of MMP-2 and MMP-9.

The Akt pathway is involved in the upregulation of MMP-2 and MMP-9 and the invasion and migration of GC cells mediated by PRL-3
-------------------------------------------------------------------------------------------------------------------------------

The PI3K/Akt pathway plays a critical role in the control of tumor cell growth, survival, progression, apoptosis, invasion and metastasis, and AKT is the central mediator of the PI3K/Akt pathway ([@b48-or-36-04-1819]). Since researchers have reported that PRL-3 activates the PI3K/Akt pathway to promote cancer cell invasion and metastasis ([@b30-or-36-04-1819]), we next detected the effect of PRL-3 expression on AKT activation in GC. PRL-3 increased the expression of Akt in the PRL-3 high expression group. When we knocked down PRL-3 by RNAi, the expression of Akt was also decreased ([Fig. 5A and B](#f5-or-36-04-1819){ref-type="fig"}). We also found that the p-Akt/Akt ratio was higher in the PRL-3 high expression group than that in the control group. Following knockdown of PRL-3 in the SGC7901 GC cell line, the ratio of p-Akt/Akt was also decreased ([Fig. 5C](#f5-or-36-04-1819){ref-type="fig"}). When we added the PI3K inhibitor LY294002 into the PRL-3 high expression group, the effects of PRL-3 on Akt, MMP-2, MMP-9 was blocked, with concomitant inhibition of invasion and metastasis (data not shown). All of the data show that PRL-3 upregulates the PI3K/Akt signaling pathway to promote GC metastasis.

Ablation of PTEN expression restores the migration/invasion phenotype of PRL-3-silenced cancer cells
----------------------------------------------------------------------------------------------------

To further confirmed that the reduced migration and invasion were caused by the downregulation of PTEN by PRL-3, we next tested whether knockdown of PTEN in PRL-3-silenced cancer cells (the PRL-3 low expression group) reactivated the PI3K/Akt/MMP-2/MMP-9 signaling pathway and restored their migration/invasion phenotype. As expected, silencing of PTEN with RNAi in the PRL-3 low expression group restored the expression of PTEN and the Akt expression ([Fig. 6A and B](#f6-or-36-04-1819){ref-type="fig"}). Meanwhile, the ratio of p-Akt/Akt and the expression of MMP-2 and MMP-9 were also restored ([Fig. 6A and B](#f6-or-36-04-1819){ref-type="fig"}). Furthermore, the cell migration and invasion ability was also partly restored in the PRL-3 low expression group when we transfected the PTEN-RNAi vector into the cells ([Fig. 6C--F](#f6-or-36-04-1819){ref-type="fig"}). These results suggested that PRL-3 decreases the expression of PTEN to promote GC migration and invasion.

Discussion
==========

Phosphatase of regenerating liver-3 (PRL-3) is a metastasis-promoting phosphatase, which has been reported to promote the metastasis of a variety of cells, including gastric cancer (GC) SGC7901 ([@b14-or-36-04-1819],[@b49-or-36-04-1819]), colon cancer LoVo ([@b50-or-36-04-1819]), salivary adenoid cystic carcinoma SACC-83 ([@b8-or-36-04-1819]) and lung cancer cells ([@b42-or-36-04-1819]). In our previous study, we found that PRL-3 was highly expressed in GC ([@b14-or-36-04-1819]), and miR-495 and miR-551a both act as tumor-suppressors by targeting the PRL-3 oncogene and inhibiting GC cell migration and invasion ([@b18-or-36-04-1819]). In the present study, we also found that PRL-3 was overexpressed in GC tissues with peritoneal metastasis when compared with that in normal gastric tissues. High expression of PRL-3 was also found in GC cells that had a high degree of metastatic potential, as compared with corresponding normal cells. The results were in accordance with previous research studies ([@b16-or-36-04-1819],[@b51-or-36-04-1819],[@b52-or-36-04-1819]).

PTEN is a tumor-suppressor gene that occupies a key position in the regulation of cell growth, proliferation, apoptosis, mobility and signal transduction ([@b53-or-36-04-1819]), while its expression and activity can be regulated at almost all levels: transcriptional, translational and post-translational ([@b54-or-36-04-1819]). The function of PTEN is commonly lost in a large proportion of human cancers through somatic mutations, gene silencing or epigenetic mechanisms ([@b55-or-36-04-1819]). In a previous study, researchers found that PRL-3 downregulated PTEN in the DLD-1 colorectal cell line ([@b29-or-36-04-1819]). From our data, the PTEN mRNA expression was not statistically different between the GC tissues or the normal gastric mucosal tissues. However, the PTEN protein expression was lower in GC with peritoneal metastasis than that noted in normal gastric mucosal tissues. The present study also found that there was a higher level of PTEN phosphorylation in GC tissues than that noted in the normal gastric tissues. It showed that the downregulation of PTEN expression was a post-transcriptional regulation event. We also found the same phenomenon in the GC cell lines and the gastric mucosa cell line GES-1. The enzyme activity of PRL-3 was higher in GC with peritoneal metastasis, as well as in the GC cell lines, than that in the normal gastric mucosa and the gastric mucosal cell line GES-1. All of the data indicate that PRL-3 may downregulate the expression of PTEN and induce PTEN phosphorylation through its enzyme activity.

To further explore the relationship between the enzyme activity of PRL-3 and downregulation of PTEN expression and high level phosphorylation of PTEN, we constructed a wild-type plasmid EGFP-PRL-3 and a mutant-type plasmid EGFP-PRL-3 (D72A/C104S) without enzyme activity and transfected the plasmids into the SGC7901 cells. PRL-3 with high enzyme activity significantly downregulated PTEN expression and induced PTEN phosphorylation compared to the no enzyme activity cells. All of the data indicated that PRL-3 downregulated the expression of PTEN and induced PTEN phosphorylation to inactivite it through its phosphatase activities. Meanwhile, silencing of PTEN with RNAi in PRL-3-silenced cells restored the cell migration and invasion ability, which further demonstrated that PRL-3 through its phosphatase activity downregulated PTEN, which led to GC cell migration and invasion. However, the mechanism behind the PRL-3 downregulation of PTEN remains unknown. As a phosphatase of PRL-3, it is almost not possible to induce PTEN phosphorylation. We speculate that, on one hand, PRL-3 may decrease the expression of PTEN. On the other hand, PRL-3 may through its enzyme activity dephosphorylate a certain kinase and improve its enzyme activity, and then the kinase phosphorylates PTEN and makes it inactive. All of the speculations need further validation.

Metastasis is a key step in cancer progression that indicates a more advanced stage and a poorer prognosis. Tumor cells escape from the primary site and migrate into the circulatory system which are important steps in cancer metastasis ([@b56-or-36-04-1819]). Extracellular matrix degradation plays an important role in tumor invasion and metastasis, which is mainly mediated by MMP-2 and MMP-9 ([@b57-or-36-04-1819]). In our previous study, we found that overexpression of PRL-3 promoted GC invasion and metastasis ([@b14-or-36-04-1819]). Thus, it was necessary to investigate whether the involvement of PRL-3 in invasion and migration is also correlated with MMP-2 and MMP-9 in GC. The data indicated that PRL-3 increased the expression of MMP-2/MMP-9 in the PRL-3 high expression group, while silencing of PRL-3 with RNAi resulted in reduction of MMP-2/MMP-9 expression. Moreover, MMP-2/MMP-9 inhibitor I obstructed the migration and invasion abilities in the PRL-3 high expression group. These data suggest that PRL-3 may upregulate MMP-2 and MMP-9 expression leading to GC metastasis. Of course, it may be more appropriate to detect the expression of MMP-2/MMP-9 in secreted media ([@b35-or-36-04-1819]), and not only in cellular lysates. This is a limitation of the present study.

PI3K signaling is a crucial regulator of many essential cellular processes, including cell growth, metabolism, survival, metastasis and resistance to chemotherapy ([@b58-or-36-04-1819]). PI3K activity is regulated by the lipid phosphatase and tensin homolog (PTEN), a tumor-suppressor gene that encodes a lipid phosphatase that downregulates the PI3K signal by converting PIP3 back to PIP2 ([@b59-or-36-04-1819]). Loss of PTEN function, as well as PI3K activation, results in accumulation of PI3P triggering the activation of its downstream effection ([@b60-or-36-04-1819]). In the present study, we found that PRL-3 downregulated PTEN, phosphorylated PTEN and inactivated it. However, whether the PI3K/Akt signaling pathway is also involved in the promotion of GC metastasis by PRL-3, also needs to be investigated. In our research, PRL-3 overexpression in the PRL-3 high expression group increased the expression of Akt and increased the ratio of p-Akt/Akt, accompanied by upregulation of MMP-2/MMP-9 expression and promoted the GC cell migration and invasion. The expression levels of Akt, MMP-2 and MMP-9 were blocked by the PI3K inhibitor LY294002. These data suggest that PRL-3 may signal through the PI3K/Akt pathway to upregulate MMP-2/MMP-9 leading to migration and invasion of GC.

In summary, we identified that PRL-3 downregulates PTEN and induces PTEN phosphorylation then activates, at least partly, the PI3K/Akt signaling pathway, as well as upregulation of MMP-2 and MMP-9, to promote the peritoneal metastasis of GC. However, whether or not PRL-3 directly downregulates PTEN protein remains unknown, and warrants further investigation. In conclusion, the present study revealed the potential mechanism of PRL-3-mediate GC invasion and metastasis, which will provide new strategies for the prevention and treatment of GC peritoneal metastasis.
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![Overexpression of PRL-3 is inversely proportional to the low expression of PTEN in gastric cancer tissues. (A) PRL-3 was overexpressed in GC with peritoneal metastasis by western blotting. (B) Relative expression of PRL-3 protein in 21 specimens of normal gastric mucosa, 49 specimens of GC without peritoneal metastasis, and 23 specimens of GC with peritoneal metastasis was analyzed by western blot analysis. (C) PTEN was weakly expressed in GC with peritoneal metastasis when compared with that in the normal gastric mucosal tissues. p-PTEN expression was weakly expressed in the normal gastric mucosal tissues by western blotting. (D) Relative expression of PTEN protein in 21 specimens of normal gastric mucosa, 49 specimens of GC without peritoneal metastasis, and 23 specimens of GC with peritoneal metastasis was analyzed by western blot analysis. (E) Relative p-PTEN/PTEN protein expression ratio in 21 specimens of normal gastric mucosa, 49 specimens of GC without peritoneal metastasis, and 23 specimens of GC with peritoneal metastasis was analyzed by western blot analysis. (F) Relative enzyme activity of PRL-3 in 21 specimens of normal gastric mucosa, 49 specimens of GC without peritoneal metastasis, and 23 specimens of GC with peritoneal metastasis was analyzed by enzyme activity detection kit. Each bar shows the mean ± standard deviation from three independent experiments; ^\*^P\<0.05 vs. the normal gastric mucosa tissues. NT, normal gastric mucosa tissues; PM(−), GC without peritoneal metastasis; PM(+), GC with peritoneal metastasis.](OR-36-04-1819-g00){#f1-or-36-04-1819}

![PRL-3 is overexpressed is contrast to the low expression of PTEN in gastric cancer cell lines. (A) The expression of PRL-3 in one normal human gastric mucosal cell line (GES-1) and five gastric cancer cell lines (MGC803, MKN28, AGS, MKN45 and SGC7901) was analyzed by western blotting. β-actin was used as an internal control. (B) Relative expression of PRL-3 in A was determined as a ratio to β-actin. (C) The expression of PTEN and p-PTEN in one normal human gastric mucosal cell line (GES-1) and five gastric cancer cell lines (MGC803, MKN28, AGS, MKN45 and SGC7901) was analyzed by western blotting. β-actin was used as an internal control. (D) Relative expression of PTEN in C was determined as a ratio to β-actin. (E) Relative p-PTEN/PTEN protein expression ratio in C was determined as a ratio to that in the GES-1 cells. (F) Relative enzyme activity of PRL-3 in different GC cell lines compared with the GES-1 cell line. Each bar shows the mean ± standard deviation from three independent experiments; ^\*^P\<0.05 vs. the GES-1 cells.](OR-36-04-1819-g01){#f2-or-36-04-1819}

![PRL-3 through its phosphatase activity downregulates the expression of PTEN. (A) The expression of PRL-3, PTEN and p-PTEN was analyzed in SGC7901 cancer cells (control), EGFP-PRL-3 cells (wild) and EGFP-PRL-3 (D72A/C104S) (mutant) cells by western blotting. (B) Relative expression of PRL-3 and PTEN in A was determined as a ratio to β-actin. (C) Cell migration and invasion were respectively analyzed. Original magnification, ×200. (D and E) Each bar of the histogram indicates the number of stained cells. Vehicle group was used as a control. The experiments were repeated at least three times independently. Control, SGC7901 cancer cells; wild, EGFP-PRL-3 cells; mutant, EGFP-PRL-3 (D72A/C104S) cells. Each bar shows the mean ± standard deviation from three independent experiments; ^\*^P\<0.05 vs. the control group.](OR-36-04-1819-g02){#f3-or-36-04-1819}

![Matrix metallopeptidases (MMP-2 and MMP-9) are involved in the invasion and migration of gastric cancer cells regulated by PRL-3. (A) The expression levels of PRL-3, MMP-2 and MMP-9 were analyzed in SGC7901 cells (vehicle), SGC7901 cells transfected with control empty plasmid (NC), SGC7901/EGFP-PRL-3 cells (high) and SGC7901/PRL-3-RNAi cells (low) by western blotting. All groups were treated with Lipofectamine 2000 reagent. Relative expression of (B) MMP-2 and (C) MMP-9 in A, was determined as a ratio to β-actin. (D) Cell migration and (E) invasion were respectively analyzed by Transwell assays. Original magnification, ×200. (F) Cell migration and (G) invasion were analyzed before or after inhibitor was added to each group. Each bar in the histogram indicates the number of stained cells. Vehicle group was used as a control. The experiments were repeated at least three times independently. Vehicle, SGC7901 cells; NC, SGC7901 transfected by control empty; high, plasmid SGC7901/EGFP-PRL-3 cells; low, SGC7901/PRL-3-RNAi cells; ^\*^P\<0.05.](OR-36-04-1819-g03){#f4-or-36-04-1819}

![Akt pathway is involved in the upregulation of MMP-2 and MMP-9 and the invasion and migration of gastric cancer cells mediated by PRL-3. (A) The expression of PRL-3, Akt and p-Akt/Akt was analyzed in SGC7901 cells (vehicle), SGC7901 cells transfected with empty control (NC), plasmid SGC7901/EGFP-PRL-3 cells (high) and SGC7901PRL-3-RNAi cells (low) by western blotting. (B) Relative expression of Akt in A. (C) Relative p-Akt/Akt protein expression ratio in A was determined as a ratio to that in the vehicle group. Vehicle group was used as a control. The experiments were repeated at least three times independently. Vehicle, SGC7901 cells; NC, SGC7901 cells transfected by control empty; high, plasmid SGC7901/EGFP-PRL-3 cells; low, SGC7901/PRL-3-RNAi cells. Each bars shows the mean ± standard deviation from three independent experiments; ^\*^P\<0.05.](OR-36-04-1819-g04){#f5-or-36-04-1819}

![Ablation of PTEN expression restores the migration/invasion phenotype in PRL-3-silenced cancer cells. (A) The expression of PTEN, Akt, p-Akt, MMP-2 and MMP-9 was analyzed by western blotting after PTEN RNAi was transfected into the PRL-3 stable low expression cells. (B) Relative expression of PTEN, Akt, p-Akt, MMP-2 and MMP-9 in A was determined as a ratio to β-actin. (C) Cell migration and (D) invasion were respectively analyzed. Original magnification, ×200. (E) Migration and (F) invasion cell numbers are indicated in the bar graph. Each value is the number of stained cells. Control, PRL-3 low expression SGC7901 cells; vehicle, PRL-3 low expression SGC7901 cells (only used Lipofectamine 2000 reagent); NC, PRL-3 low expression SGC7901 cells transfected with empty control plasmid; siRNA, PRL-3 low expression SGC7901 cells transfected with PTEN siRNA. Control and vehicle groups were used as a control. The experiments were repeated at least three times independently. Each bar shows the mean ± standard deviation from three independent experiments; ^\*^P\<0.05.](OR-36-04-1819-g05){#f6-or-36-04-1819}
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